The methodologies usually adopted in water distribution system redesign problems consider the topology of the network as an input fixed datum; optimisation solely allowing for the duplication/ substitution of existing components. In order to contribute to the identification of optimal solutions that may lead to a lower risk of failure to supply the required water, together with a lower redesign cost, this paper proposes a novel methodology which reports the influence of the existing network configuration and its performance. In particular, the redundancy of loops and the robustness of the network topology are investigated by applying an optimisation technique based on a genetic algorithm and by taking into account the random water demand at each node. The methodology presented has been applied to two case studies, in which it considers the influence of the topology on the overall system reliability/risk. The results demonstrate that it is possible to obtain further configurations that are more reliable for a lower redesign cost. The analysis performed highlights the impact of the topology on the search for an optimal solution, which, as a principal conclusion of the work, should be considered among the decision variables taken into account by the optimisation in a redesign problem.
INTRODUCTION
Nowadays, much focus of urban hydraulic infrastructure design, in developed countries, relates to the redesign of existing systems. Often the urban water distribution networks are unable to satisfy water requirements, themselves increasing, while the performance of the system itself deteriorates, owing to its ageing infrastructure. However, the funding available for undertaking the necessary improvements is usually insufficient to accommodate all of the required works to fully rehabilitate the system. On the basis of this consideration, a trade-off exists between the need to improve the performance of a system and to limit the redesign costs to the available funds. For this purpose, it is necessary to determine the optimal improvements that can be made to the network infrastructure which relate to the minimum possible cost while simultaneously demonstrating the maximum reliability. Nevertheless, the initial water distribution system (WDS) topology, if treated as an input datum and not as a decision variable in itself, could influence the search, leading the algorithm to identify solutions which, even if part of a Pareto front, do not represent the optimal configurations in terms of the trade-off between cost and reliability (Tricarico et al. ) . Furthermore, they may also be shown to be less than sensible solutions from an engineering point of view. This paper presents a methodology, novel compared to the classical analysis that is usually undertaken in the literature for a redesign problem, in which the existing network topology is considered as a decision variable and can be changed by considering the possibility of removing, if necessary, existing components or through adding new ones to the initial configuration. This approach, coupled with the optimisation process of duplicating or substituting the original components, can lead to a revised redesign problem that tends towards solutions that may prove more reliable and, at the same time, less costly. This approach has been applied using a multiobjective optimisation model, employing an extension of the econ- The methodology adopted for the case study presented in this work considers solely the pipes as decision variables.
However, the other potential components of the network, such as tanks, pumps, valves, etc. could be added as options without invalidating the proposed approach.
OPTIMISATION PROBLEM
The WDS redesign problem is formulated here as a multiobjective optimisation method under uncertain demands.
The characterisation and quantification of uncertainty in water demands is achieved by means of a probabilistic approach: the water consumption required at each network node is modelled as an independent random variable distributed with a predefined probability density function.
The parameters and the type of probability distribution adopted are derived through experimental analysis performed on real-life distribution networks. In particular, the peak water demand being the condition of principal interest in a redesign of a hydraulic system, the lognormal distribution has been shown to be effective in modelling the nodal demand variation (e.g., Tricarico et al.
; Gargano et al. ).
The mean has been considered equal to the base demand at each network node and the CV value has been assumed equal to 0.1, considering a number of users greater than 1,000 (Gato-Trinidad & Gan ).
The objectives considered are: (1) minimisation of the total redesign cost C Tot (sum of the structural costs C ST and the lost revenue costs C LR ); and (2) the minimisation of the 'network risk' K Net -estimated herein as the maximum of the risks evaluated at each node of the network, K i . In this fashion the model searches the optimal solutions among the configurations which present low risk in each node. However, the 'network risk' could be also estimated by considering the sum or the average of the nodal risk without this affecting the methodology suggested. The K i has been herein considered as the product of the probability of failure in satisfying the water demand and the consequence of this failure. The damage caused to the customers by failing to satisfy the full demand has thus been estimated by considering solely the water volume shortfalls estimated by the hydraulic solver. Socioeconomic considerations related to it, such as the user types (e.g., residential users, hospitals, public offices, shopping centres) and an estimation of the consequent economic damage in failing to supply the water requested, have not been addressed in this work along with a frequency analysis of the shortfalls which would require an extended period simulation approach to be adopted. Therefore, the risk for each node i of the system (K i ) is estimated by the following expression:
where Q REQi and Q DELi are, respectively, the water required and the water delivered at the ith node, N n is the total number of nodes in the WDS and N S represents the number of samples generated by means of the probabilistic approach.
The first factor of Equation (1) (1-R i ) represents the failure probability; R i is the hydraulic reliability of the system node ith, defined as the probability of meeting the water requirements for that network node and it is evaluated considering the water effectively supplied to the customers as a function of the available nodal heads:
while the consequence of this failure, i.e., the damage index, is addressed in the second factor of Equation (1).
With these considerations, the stochastic multiple objective optimisation problem formulation is as follows:
Subject to:
• Hydraulic equation constraints:
where q j is the flow in the jth pipe; H j,u , head at upstream node of the jth pipe; H j,d , head at downstream node of the jth pipe; r j , coefficient of the jth pipe (headloss formula, function of pipe length, diameter and roughness coefficient); ε is the flow exponent function of the headloss formula used; N j,i is the number of pipes connected to the ith network node; N l is the number of network links; and N n the number of network nodes.
• Decision variable constraint:
where D k is the value of the kth discrete decision variable (available diameters); D is the discrete set of available redesign options; and N d is the number of decision variables.
• The first objective considered, total redesign cost C Tot , is
given by the summation of the capital intervention (i.e., structural) cost C ST -a function of the redesign worksand the lost revenue costs C LR -a function of the network water volume not delivered (Tricarico et al. ) .
In order to combine the operational lost revenue costs with the capital structural redesign costs, a conversion is required. The annual value of the lost revenue C LR is thus converted into its net present value as follows:
where p is the discount rate and T is the assumed system lifespan in years.
The optimisation employs the multiobjective omnioptimiser algorithm (Deb & Tiwari ) . In addition, the resulting pressure-driven hydraulic solver does not require the specification of the outflow in terms of the emitter coefficient c which is, instead, dynamically calculated according to the demand specified in the input file -simplifying the conversion of a demand-driven model to a pressure-driven one while also facilitating the use of extended period simulation (EPS) under these conditions.
CASE STUDIES
In order to highlight the effect of the topological scheme on WDS performance, the redesign methodology presented above has been applied to two synthetic case studies. The optimisation methodology has been applied by considering the classical redesign approach in which the existing pipes' layout is considered as an input datum and the results have been compared with the novel methodology in which the topology of the network is considered variable.
The input data considered in the optimisation model and applied to the case study considered are herein reported. Multiple GA runs were performed using several different initial populations (i.e., many different random seeds), employing 20 Latin hypercube samples and a minimum chromosome age of 20 generations. In all runs, a In this case, thus, the total number of possible solutions, The analysis, applied to the Network A problem, may allow a rapid and immediate analysis of the influence of the network topology on the cost-performance redesign solutions. The resulting Pareto fronts are reported in Figure 3 .
As one might expect, as the total costs of redesign increase, the potential risk of failing to supply the water required to the customers reduces. By means of the extension to the risk of the cost-reliability optimisation (Tricarico et al. ) it is possible to note that the optimal configuration which has been circled in Figure 3 , is related to that particular solution of the Pareto front which corresponds to the minimum total redesign cost,
i.e., the minimum structural cost and minimum lost revenue (through failure to supply). This solution, the ELK, according to social and technical considerations, can be seen as the optimal configuration to be adopted in a rede- This result highlights that for the network under consideration, a set of three loops can be considered the optimal configurations and a further increase in loops does not result in a corresponding improvement in system performance or cost. This result suggests the presence of a threshold in redundancy, i.e., in the number of loops, for such systems in order to get a reliable network with lower redesign costs. On one hand, the looped network scheme is important because, ordinarily, the more loops present, the more reliable the network. On the other hand, the result obtained for the case study highlights that it is economically convenient to have a 'threshold'
on the redundancy of the system in order to identify an optimal configuration.
In particular, a cost analysis of the ELK Pareto front solutions obtained by means of the two methodologies is reported in Table 4 . It is shown that the ELK solution for Net A-AC has a lower risk value with furthermore a lower redesign cost. This suggests that by applying the novel methodology, the resulting configuration is more reliable even with a lower redesign cost. Initial network configurations with a single loop have to be strengthened further, at a commensurately higher total redesign cost, to reach the same level of risk. However, this logical result posits the importance of modifying the existing layout in order to obtain more reliable and less costly configurations.
A total redesign cost comparison is reported in Table 5 , for solutions with the same level of risk (K Net ¼ 0.004).
These solutions are those highlighted by squares in Figure 3 .
As can be seen, the classical redesign method needs to duplicate more pipes in order to reach an equivalent level of risk with respect to the solutions obtained with the novel methodology in which the addition of merely | Cost analysis of the Pareto front solutions with the same network performance (a) and relative solutions for Network A and Network A-AC (b) Table 5 . which the head has been fixed at 58 m. The input characteristics of the AT network are reported in Tables 6 and 7 (a). The number of duplication pipe diameters available is shown in Table 3 (18 new pipe of loops that are found to be optimal for different levels of risk, it can be seen that, for the AT-AC network, despite the potential for networks with larger numbers of loops to be generated, the maximum number identified as part of the optimisation is no greater than 3. This figure can thus be considered as a set of loops for the case study examined.
A comparison of optimal configurations, considering a same level of risk, obtained by means of the application of the two approaches is reported in Table 8 and Figure 8 .
CONCLUSIONS
A WDS redesign optimisation problem has always been characterised by a trade-off between the performance of the system and the minimisation of cost. These objectives, however, could be greatly influenced by the existing network layout and its underlying level of redundancy.
In order to analyse the influence of the topological scheme of a network on the system redesign configurations, and thus on its performance, the classical approach used in the redesign techniques in which the network layout is considered as an input datum have been compared with a novel methodology in which the network topology has been considered as a decision variable in its own right and has been permitted free to be changed as would be the case in a design problem. The results were obtained by applying the multiobjective optimisation procedure based on a riskcost methodology in which demand at network nodes has been modelled by means of a probabilistic approach.
Based on the case study results obtained, this analysis has shown the noteworthy influence of the layout on the redesign solutions. An increase in the number of loops, through the addition of a small number of links, could lead to the realisation of significant savings in total redesign cost.
Moreover, from the comparison of the different topological configurations adopted it is possible to note that the increase in redundancy presents, nevertheless, a threshold looped configuration in terms of least-cost analysis. This result highlights the importance of the topological scheme on system performance that may have a greater influence on pipe diameter selection in network redesign. This could further lead to attempts to optimise the optimal redesign configuration, considering The incidence of the system topology, indeed, is capable of driving the redesign optimal solution towards configurations that are both less costly and more reliable through greater redundancy.
